Abstract. One century after Mie's original paper, Mie scattering is still a fertile field of scientific endeavor. We show that the Mie scattering distinguishes the topological charge of light beams with phase dislocations. We experimentally and numerically study the scattering of highly focused Laguerre-Gaussian beams by dielectric and metal spheres, and show that the scattered field is sensitive to the modulus and to the sign of the topological charge. The implications for position detection systems are also discussed.
Introduction
Gustav Mie's theory, presented in his original 1908 paper [1] on the color of gold colloids, has found and continues to find wide application in various scientific disciplines including optical particle characterization, atmospheric science and astrophysics [2] - [5] . Mie considered the scattering of an infinite plane wave by a spherical particle. His approach has been subsequently extended to more general cases of practical interest, for instance to Gaussian and focused beams [6, 7] and to non-spherical particles [8] .
Optical beams with a helical phase front such as Laguerre-Gaussian (LG) and Bessel beams attract significant interest in many areas of optics. The topological charge and associated orbital angular momentum of LG beams [9] gives rise to distinctive phenomena such as soliton generation [10] , entanglement of photon quantum states [11] , imaging [12] and orbital angular momentum exchange with atoms [13] and molecules [14] . The problem of the scattering of a laser beam exhibiting a helical phase front, thereby carrying a phase singularity, has received little attention up to now. Recently, the Mie scattering of LG beams by spherical particles was investigated theoretically in [15] , for LG modes with different topological charges but the same handedness of the phase rotation.
LG beams have also found applications in optical trapping [16, 17] . Owing to their doughnut-like intensity distribution, LG beams are well suited to confine metal particles in two dimensions [18] , to trap in three dimensions low-refractive index particles [19] and to increase the axial trapping efficiency for dielectric high-index particles [20] . A fundamental understanding of the interaction of LG beams with microparticles would therefore provide new possibilities for optical trapping applications. For instance, the question arises whether it is possible to use LG beams for back-focal plane interferometry, a technique for position detection of microparticles that is widely applied in photonic force microscopy [21] - [23] .
It was also shown in optical trapping experiments that the orbital angular momentum associated with the helical phase of a LG beam can be transferred to a particle, inducing its rotation or gyration around the beam axis [24] - [27] . The optical torque that the beam exerts on the particle is clearly due to an asymmetric distribution of the total field at the sphere surface. As schematically illustrated in figure 1 , a sphere displaced from the axis of a LG beam will experience an angular phase gradient, which has opposite sign depending on whether the topological charge is positive or negative. These observations implicitly indicate that, in addition to the observations of [15] the scattered field should be sensitive not only to the modulus but A sphere is displaced from the optical axis (z) along the x-direction for a Gaussian beam (m = 0) and for LG beams with m = +1 and −1. The phase fronts of the beams are shown in grayscale (from 0 to 2π the color changes from white to black). x is not a preferential direction in space with respect to the phase front of the LG beam, since the phase is periodic and its absolute value is arbitrary. For a Gaussian beam the phase front is plane and there is no phase gradient. A LG beam has an angular phase gradient which has different sign depending on the sign of the topological charge.
also to the sign of the phase rotation. Previous studies have shown agreement between theory and experiment for the case of optically trapped particles [28, 29] .
Here, we show the effect of the spiral phase structure of a LG beam on the Mie scattering. In particular, we address the question whether the analysis of the scattered field (i.e. without observing the movement of an optically trapped particle due to the transfer of angular momentum) would enable us to distinguish the sign of the phase dislocation, as one would expect based on the arguments given above. We study the scattering from dielectric (nonabsorbing) spheres and from metallic (strongly absorbing) spheres by varying both the modulus and the sign of the topological charge of the LG beam.
Theoretical approach
Our approach to the calculation of the scattering from an arbitrary focused beam on a spherical particle of arbitrary radius and refractive index is outlined in the following. We calculate the forward-scattered (FS) field and, by using an algorithm developed for position detection applications, we compute the response of a quadrant photodetector when the scattering sphere is moved off the optical axis. Details can be found in [30] .
The incident beam is focused by an aplanatic lens producing a convergent spherical wave, which propagates to a diffraction-limited axial image. The aperture of the lens is taken as the entrance pupil of the optical system. A condenser lens collects the incident and FS fields. A position detector, located at a plane conjugated to the back-focal plane of the condenser lens, is used to quantify the variations in the total scattered field. LG beam. The first diffraction order is selected with a pinhole and coupled into the 60× microscope objective. A 100× objective is used as a condenser to collect the light scattered by the sphere in the forward direction. The back-focal plane of the condenser is imaged onto the CMOS camera. The inset shows the segments configuration relative to the x and y axes of the translation stage. In experiments the spheres are always translated along x. The x-and y-signals correspond to changes in intensity in the x-and y-directions, respectively, and they are calculated from the intensities recorded at the four segments
The main steps to compute the position detector response are:
1. calculate the distribution of the incident field near the focus of the lens; 2. solve the corresponding Mie-Debye problem, i.e. find the scattered wave for each partial plane wave describing the focused field for an arbitrary position of the sphere; 3. find the total scattered wave and propagate the total field at the back-focal plane of the condenser lens; 4. calculate the response of the position detector upon displacements of the sphere near the focal point.
For a LG beam, we write the incoming polarized wave E i at the entrance plane of the focusing lens as
i describes the polarization of the incident field, assumed always linear, ρ i and φ i are the polar coordinates at the objective entrance and w 0 is the beam waist. The integer index m is the topological charge of the beam.
We verified our numerical algorithms by comparing the calculated response of the position detector with the results of [15] and found good agreement for the predicted behavior for metal particles. The numerical results corresponding to our experiments are presented in section 4.
Experimental setup
We investigated experimentally the Mie scattering of a focused LG beam by dielectric and metallic microspheres in a FS geometry. The experimental setup is shown schematically in figure 2. A LG beam was generated by converting the Gaussian beam coming from a fiber laser (λ = 1064 nm, linearly polarized) using diffractive optical elements (DOEs) implemented on a spatial light modulator (SLM) (Hamamatsu) [31] . The first diffraction order was selected using a pinhole and coupled by a dichroic mirror (DM) into a 60× objective (oil immersion, NA = 1.4, Nikon). The dynamic implementation of DOEs enabled us to switch between LG beams with different topological charge without changing the alignment of the beam and, in particular, keeping its focus always at the same position. This ensured that, for each sphere, we compare the FS with different beams under the same conditions. As the topological charge m of the beam is changed, the spiral structure is modified and as a consequence the radius of the annular high-intensity distribution changes. In particular, the radius of the high-intensity ring in the focal plane is proportional to the topological charge m [32] . In our experiments the modulus of the topological charge was varied between |m| = 1 and |m| = 8, and the radius of the highintensity region increased from 0.9 to 3.1 µm. A 100× objective (water immersion, NA = 1.00, Olympus) was used as condenser lens to collect the FS light. The back-focal plane of the condenser was imaged by a lens (L) on a CMOS camera (Silicon Video). The sample plane was imaged on a CCD camera (DVC); the second DM transmitted white light for illumination of the sample, and directed the FS laser radiation on the CMOS camera. The video frames acquired with the CMOS camera were analyzed to quantify the variations in the FS field distribution upon particle displacement. To this aim, four detector segments were defined as described in section 2 (see also figure 2 ) and the corresponding x-and y-signals were computed from the video frames.
The aqueous suspension of microparticles was injected between two glass coverslips. We used the spheres that were adhering to the glass coverslip as probes. The sample was mounted on a x yz piezo translation stage (Piezosystem Jena) to scan the probes through the focused beam. In all the experiments, x is the direction of translation of the particle and y is the direction orthogonal to it. These are not preferential directions in space with respect to the phase front of the LG beam (see figure 1) , since the phase is periodic and its absolute value is arbitrary. The results obtained by translating the sphere along x are therefore valid in general.
Results

Dielectric spheres
First, we investigated the effect of the modulus of the topological charge on dielectric particles. We used silica microspheres of radius r s = 0.5 µm (Bangs Laboratories). The particle size is comparable with the wavelength of light in the medium, and therefore with the waist w 0 of the focused beam. The numerical simulations were performed on particles with a refractive index n silica = 1.5 and using an effective NA for the lens to account for the partial filling of the objective's back-aperture (NA ∼ 0.5).
The most remarkable effect observed in the Mie scattering of a LG beam with topological charge m = 0 is that for a displacement of the scatterer along the x-direction, the total scattered field changes also in the y-direction. The simulations also revealed this property of the scattered field, which was already predicted in [15] for metal spheres. Figure 3(a) shows the intensity patterns recorded on the CMOS camera upon displacement of a sphere along the x-direction (x/r s = 0.5) for different values of the topological change, m = 0, 1 and 2. When the sphere is off-axis, for a Gaussian beam (m = 0) the interference fringes in the back-focal plane move off-center, parallel to the direction of translation of the particle. For a LG beam with m = 1 or 2, the high-intensity region of the interference pattern moves at an angle with the direction of displacement. The corresponding movie (movie 1, available from stacks.iop.org/NJP/11/013046/mmedia) illustrates this effect: the high-intensity part of the interference fringes for m = 1 and 2 is moving along a diagonal in the x, y plane. This effect is due to the phase front of the LG beam, as schematically represented in figure 1 : the phase of a Gaussian beam (topological charge m = 0) is mirror symmetric with respect to any direction orthogonal to the optical axis (e.g. x), but this is not the case for a LG beam (m = 0).
To investigate the effect of the handedness of the helical phase front, we then inverted the sign of the topological charge of the incident beam. Figure 3(b) shows that the high-intensity region of the interference pattern moves along two opposite diagonals in the x, y plane for m = 1 and −1, an effect which is also clearly visible in movie 2.
To quantify the changes in the spatial distribution of the scattered field we calculated from the video frames the position signals as outlined in section 3. In particular, figure 4(a) shows that for a Gaussian beam (m = 0) the y-signal is negligible and only an x-response is observed. For a LG beam with m = 1 or 2, a strong y-response is also measured, corresponding to the diagonal displacement of the intensity pattern showed in figure 3 (a). We also note that for m = 1 the slope of the x-signal near x/r s = 0 has opposite sign than that for m = 0, and the sign of the slope is conserved for m = 2. The change in the slope of the x-response can be ascribed to the change in size of the doughnut with increasing topological charge: for m = 0 the radius of the Gaussian spot is comparable with the sphere radius; m = 1 corresponds to the cross-over to a range where the beam radius is larger than the sphere radius. The effect of changing the sign of m is shown in figure 4(b) . For m = 1 and −1 the x-response is unchanged, whereas the slope of the y-response near x/r s = 0 changes sign.
Absorbing spheres
We also studied how the modulus and sign of the topological charge of the incident beam affect the scattered field for the case of absorbing particles. We used gold-coated polystyrene spheres with radius r s = 3.5 µm (Microparticles GmbH). The numerical simulations were performed assuming a refractive index n gold = 0.503 + i4.923 and NA ∼ 0.5. (w 0 = 0.7 µm) and for LG beams with small values of m, the radius of the doughnut is much smaller than the sphere radius. Hence, the incident beam is completely reflected when the sphere is on-axis, and almost no scattered intensity is detected in the forward direction. Even for small displacements of the sphere (−0.5 < x/r s < 0.5) the incident beam remains blocked. For a LG beam with m 6 the doughnut radius becomes comparable with the particle radius, and an interference pattern can now be recorded at the detector plane. Large displacements of the intensity pattern in the y-direction are observed when the sphere is translated off-axis (x/r s = 0.6), as illustrated in movie 3 (available from stacks.iop.org/NJP/11/013046/mmedia), where the sphere is scanned through the beam. In figure 5(b) , the effect of the sign of the topological charge is shown: the intensity pattern moves in opposite directions along y for LG beams with m = 8 and −8 as illustrated in movie 4. Figure 6 compares the position signal obtained in the experiments (left column) with those from the simulations (right column). For a Gaussian beam and for LG beams with topological charge up to m = 5 (only m = 0 and 1 are shown in the figure) a low scattered intensity is detected, and only for large off-axis displacements of the particle (x/r s > 0.5), i.e. when a part of the incident beam is unblocked. For LG beams with m 6 the slope of the responses around x/r s = 0 becomes nonzero (for m = 6 the radius of the doughnut is r I max = 2.7 µm). Also in the case of metal spheres a strong y-response is measured which, notably, is larger than the x-response. Like for the case of dielectric spheres, a change in the sign of the topological charge leaves the slope of the x-response unchanged, while the y-response changes sign (see m = 8 and −8 in the figure).
Conclusions
The scattering of a LG beam by a sphere generates a field that is sensitive both to the modulus and the sign of the topological charge of the incident beam. This sensitivity manifests itself when the sphere is displaced off the beam axis, and it can be studied qualitatively by measuring the spatial distribution of the scattered field. We investigated this effect for dielectric and metal spheres in focused LG beams through experiments and numerical simulations.
Our experiments indicate that, in the case of dielectric particles, there is a significant crosstalk between the position signals obtained with a quadrant detector configuration. However, there is a range where the signals change linearly with the sphere displacement. The method for inferring the position of a particle from the quadrant detector signals is beyond the scope of the present work, and will be addressed elsewhere. These observations show the potential for position detection of dielectric particles using LG beams.
